N oncovalent interactions between proteins and nucleic acids are fundamental to all steps of expression, replication, and recombination of the genetic information embedded in a DNA sequence. Notable characteristics of most protein-DNA complexes include their stability and specificity: binding constants under typical ionic conditions range from 10 9 to 10 12 M-1 or higher and ratios of specific to nonspecific binding constants range from 10 3 to 10 7 • A central goal of many structural and thermodynamic studies is to elucidate the relation between sequences {structures) of the protein and DNA sites and the specificity and stability of the complex in solution.
High-resolution structures of various uncomplexed DNA-binding proteins and their complexes with DNA have been obtained in the crystalline state by x-ray crystallography or in solution by nuclear magnetic resonance (NMR). In many of these systems, structural differences are observed between B-form DNA and DNA in the complex and between the free and bound states of the protein. Conformational changes from linear B-DNA range from relatively smooth bending deformations seen in specific complexes with phage repressor proteins { 1) to more drastic changes involving sharp bends in the helical axis and disruption of base pair stacking interactions {2-4). Conformational changes observed in various proteins include quaternary rearrangements of domains (5) or subunits (6) , ordering of disordered loops or NH 2 -terminal residues {4, 7, 8) , and formation of a helices from unfolded regions in the free state {9-14) . Most of the folding or ordering transitions of protein residues occur on complementary surfaces in the R. S. Spolar is in the Department of Chemistry and M.
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DNA grooves that comprise the binding site. Frankel and Kim (15) and Alber (16) have proposed that the folding transitions of GCN4 are an example of the concept of induced fit described by Koshland {17) in the context of enzyme-substrate and other specific protein-ligand interactions. However, it is not known whether induced fit is a general feature of site-specific binding of proteins to DNA.
Thermodynamic studies of site-specific protein-DNA associations demonstrate the central importance of a large negative heat capacity change AC~ssoc (18) (19) (20) . As a consequence, the entropic {T ~S~ssoc> and enthalpic (~H~ssoc> contributions to AG~ssoc of site-specific complexation vary with temperature in a nearly parallel manner, typically changing sign in the physiological temperature range. We proposed that a large negative ~C~ssoc is a distinctive feature of site-specific binding, and that the sign of AC~ssoc is determined by the removal of large amounts of nonpolar surface from water on complex formation {18). Because the amount of nonpolar surface involved appeared too large to be accounted for in a "rigid body" association, we proposed that conformational changes in the protein that buried large amounts of nonpolar surface were coupled to binding (18, 19) . Although this prediction appears consistent with the emerging picture of site-specific binding from recent structural studies, most systems that have been characterized thermodynamically lacked complete structural data, especially data from structures in solution. Hence we turned to a thermodynamic analysis to predict whether conformational changes are coupled to binding.
In principle, analysis of the entropy change AS~ssoc should allow discrimination between "rigid body" associations and ones involving coupled conformational changes, especially folding transitions (21) . We used SCIENCE • VOL. 263 • 11 FEBRUARY 1994 thermodynamic data from model compound transfers and protein folding studies to dissect ~S~ssoc for a protein-ligand association into contributions from the burial of nonpolar surface area, changes in chain conformation, loss of translational and rotational entropy, and other effects. Application of this analysis to site-specific protein-DNA interactions leads us to propose that local (and, in some cases, global) protein folding transitions are coupled to DNA binding. Where binding free energy drives folding of residues to create key parts of the binding interface, this adaptation may in principle be DNA sequence-dependent and lead to different ordered or folded structures on different DNA sequences (16) . Such a range of induced fits may affect both specificity and stability; accordingly, the energetics of specific recognition should be intrinsically nonadditive (22, 23) .
Interpretation of the heat capacity and entropy changes of protein folding. Model compound transfer data have been used to interpret the massive reduction in partial molar heat capacity (of the order of 1 to 6 kcal mol-1 K-1 ) (24, 25) of a protein on folding in aqueous solution (~Cfold) (26) (27) (28) (29) (30) . We observed that ~C~r of transfer of hydrocarbons and amides from water to the pure liquid phase and ~Cfold of proteins depend in the same way on the accompanying changes in water-accessible nonpolar (Mnp) and polar (Mp) surface area {A 2 ) (26) 
In applications of Eq. 1 to processes involving proteins, the contribution from the burial of nonpolar surface, (0.32 ± 0.04)Mn 11 , is always the dominant term in ~co. Although the choices of nonaqueous phase and of compounds used to model thermodynamic contributions to folding continue to be debated, models of ~Cfold that are based only on changes in water-accessible surface area account for all of the observed heat capacity change within experimental uncertainty. Changes in vibrational modes (or other effects of folding) apparently do not contribute significantly to ACf'old although a vibrational contribution was anticipated (31). Baldwin (32) observed that the entropy of transfer of all liquid hydrocarbons from water to the pure liquid phase extrapolates to zero at 386 K, on the assumption that AC~ was temperature-independent. If the thermodynamics of the hydrophobic effect (HE) are defined in terms of the thermodynamics of this transfer process for liquid hydrocarbons (18, (26) (27) (28) (32) (33) (34) , then it follows that the entropic contribution from the hydrophobic effect vanishes at 386 K (35). Because changes in the exposure of nonpolar surface to water are thought to be the major contributor to the heat capacity change of processes involving proteins (31), Baldwin (32) proposed that the contribution to the observed entropy change of protein folding from the hydrophobic effect (AS~IE) could be obtained from the relation ASHE(T) = ACfotd ln{T/386), where T is temperature in degrees kelvin.
At a higher level of resolution,., because ACf'otd appears to contain contributions from changes in both nonpolar and polar water-accessible surface area (26) , the following equation may be more appropriate ASHE(T) = 0.32 Mnp ln {T/386) (2) where AAnp is in A 2 , T in degrees K, and ASHE(T) in entropy units (e.u., or cal K-1 mol-1 ). We propose that Eq. 2 is generally applicable to all protein processes to quantify the entropic contribution of the hydrophobic effect (ASHE) from structural information. Where AAnp is not known but where it is reasonable to assume that the ratio of M /Mnp = 0.59 as in the folding of globufar proteins (26, 36) , then (26, 27) . The value of .1A,p for folding the B1 domain of streptococcal protein G was calculated as described in (27) and from other sources (AS~theri assumed as a first approximation to be temperature-independent) must sum to zero ASf'otd(Ts) = 0 = ASHE{Ts) + AS~ther (4) Experimental values of T 8 for folding of globular proteins, the number of residues folded (!R), and values of ASHE{T 8 ) calculated from the amount of nonpolar surface buried in folding (Eq. 2) are given in Table  1 . Application ofEq. 4 to the data of Table  1 indicates the existence of a large unfavorable entropy contribution (AS~ther>. Expressed per residue (As~ther = AS~theJ!R), this unfavorable entropic contribution is relatively constant for the entire set of globular proteins (&~ther = -5.6 ± 0.5 e.u.) {37).
The analysis in Table 1 is consistent with previous proposals (24, 32, 34) of two dominant and opposing contributions to the observed entropy of protein folding: one from the hydrophobic effect, or the "release" of water on burial of nonpolar surface, and the other from the reduction in conformational entropy. We can then ask whether the magnitude of As~ther in Table 1 is entirely due to the reduction in conformational entropy upon folding. Summation of theoretical values for the change in conformational entropy of the backbone (38) and side chains (39) on folding yields an average change in conformational entro- IIPDB file 5CHA 1IPDB file 1 RNV, #In this and subsequent tables, apo refers to the protein in the absence of its cofactor, **Surface area buried upon dimerization calculated from PDB file 1 GRD. Surface area buried from folding of the second Zn loop: residues (476 to 495) were modeled as an extended chain in each monomer in 1GRD (13, 14) , To obtain .1A.,p and .1A.,p for the protein-DNA interface, we used the estimate of the total surface buried in the interface from (14) , and assumed that the ratio <1AnJ.1AP was 45:55, similar to that buried in the TrpR-DNA interf~ce, ttPDB file 1GCN, :j::j:Data of (81) analyzed according to (18) , § §PDB file 2MLT py per residue (as~) on folding of- (6 ± 2) e.u. Because as~ther = as~, we conclude that possible entropic contributions from dehydration of polar surfaces ( 40), changes in hydrogen bonding, and changes in vibrational entropy (41) must collectively make no large contribution to the overall asfuld" Analysis of heat capacity and entropy changes in protein-ligand associations. Protein-ligand and protein-protein associations are also accompanied by large negative heat capacity changes (aC~ssoc). To examine whether ac~ssoc can be interpreted solely in terms of changes in polar and nonpolar surface, we compared experimental values of ac~ssoc with those calculated from Eq. 1 for all protein-ligand and protein-protein interactions for which both thermodynamic and high resolution structural data are available (Table 2) . Crystal structures were used, except for glucocorticoid receptor and trp repressor, where crystal structures of the complexes have been supplemented by NMR solution structures of the uncomplexed proteins. The associations in Table 2 represent diverse interactions including enzyme-substrate, antibody-antigen, protein-drug, protein-DNA, protease-protease inhibitor, and §Ubunit-subunit assemblies. These processes bury widely different amounts and types of surfaces, both in and distant from the binding site. The first four entries in Table 2 are examples of rigid-body associations where crystal structural analyses provide no evidence for disorder-order transitions on binding; in these cases, Mnp and MP result entirely from burial of preexis~ing complementary surfaces (Fig. 1) . The last ten entries are for systems where biophysical data indicate that folding is coupled to association (Fig. 2) . In these systems, surface area is removed from water both in the contact between any preexisting components of the interface and in coupled conformational changes (driven by binding free energy) that create a complementary interface. SCIENCE • VOL. 263 • 11 FEBRUARY 1994 RESEARCH ARTICLE In 12 out of 14 cases (Table 2 ) the observed heat capacity changes agree within experimental uncertainty with those predicted by Eq. 1. The only exceptions are the dimerization of a-chymotrypsin (aCT) and the tetramerization of melittin. The thermodynamics of a CT dimerization may be affected by autolysis. A proposal to explain the discrepancy for melittin is discussed below. From Table 2 we conclude that ac~ssoc can generally be quantitatively described in terms of contributions from changes in water-accessible nonpolar and polar surface area. Changes in vibrational modes or other effects of association apparently contribute little to ac~ssoc·
The large negative heat capacity changes of protein-ligand association and of protein folding indicate that the observed entropy changes of both processes must include a significant contribution from the hydrophobic effect in the physiological temperature range (Eqs. 2 and 3). However, other contributions to the entropy changes of these processes should differ significantly. Folding of singlesubunit proteins involves the intramolecular conversion of a random polypeptide chain into an ordered structure, which reduces its conformational entropy. This unfavorable entropic contribution to folding increases in direct proportion to the number of amino acid residues. Unless folding is coupled to association, protein-ligand binding does not involve a reduction in conformational entropy. Instead, another unfavorable entropic term resulting from the reduction in the available rotational and translational degrees of freedom of the protein and ligand on complexation is predicted to contribute (aS~t: 42-44).
Since the dependences of as~t on temperature and on molecular mass are predicted to be logarithmic, as~ should be relatively insensitive to T s and to the molecular mass of the protein and ligand involved and thus similar for all associations (43) . Hence, for proteinligand association at the characteristic temperature T s where the net entropy change as::..oc is zero, Eq. 4 is replaced by
where as~ther includes any other entropic contribution in addition to those enumerated in Eq. 5, and is assumed to be temperature-independent (40).
In applying Eq. 5 to analyze entropic effects in the protein associations listed in Table 2 , we focus initially on the set of rigid body associations where as~ther may be anticipated to be small and which therefore provide a means of evaluating as~t from experimental thermodynamic data. The proposed contributions to the entropy changes for protein-ligand associations which do not involve large conformational changes ( Fig.  1 ) are summarized in Table 3 . At T 5 , we find that dSi:JE for these processes is compensated by an entropy change dS~ + dS~ther in the range -40 to -60 e.u. (Eq. 5). The magnitude and sign of this term and its relative insensitivity to the size of the associating species agree well with the statistical mechanical estimate of dS~, == -50 e.u. for protein-protein association (43, 45) . We conclude that for these rigid body associations dS~ther = 0 and that dS~ssoc is entirely determined by dS~E and dS~,.
The set of protein-ligand and proteinprotein associations where evidence indicates that folding of one or more associating species is coupled to binding (Fig. 2) is collected in Table 4 . To dissect the entropy changes for these associations we use the average value dS~, == -50 e.u. from Table   3 . Comparison of Table 3 and Table 4 shows that dC~soc of processes with coupled folding is generally larger in magnitude than for rigid body associations and that the observed T 8 is smaller. Consequently, values of dS~E(T 8 ) estimated from Eq. 2 are much larger than dS~E of rigid body associations and much larger than the magnitude of dS~,. For the observed entropy change to be zero at T 8 , Eq. 5 predicts that there must be a significant entropy change dS~ther· For these associations, we propose that dS~ther corresponds to the change in conformational entropy (dS~) on binding.
If conformational changes that involve folding (changes in 2° or 3° structure) dominate dS~ther' then division of dS~ther by -5.6 e.u. yields a thermodynamic estimate of the number of residues involved in the folding transition (46) (designated !Jl'h):
!Jl'h = dS~theJ-5.6 e.u.
The last two columns of Table 4 compare !Jt•h with our structural estimates of extents of coupled folding (!Jl"r) based on biophysical [circular dichroism (CD), NMR, x-ray] characterizations of free and bound states.
For the first six entries in Table 4 , local folding of the protein or ligand accompanies association. The uncomplexed peptide ligands S-peptide (47) and angiotensin II (48) are completely unfolded in solution. Similarly, in the absence of ligand, local regions of avidin (49) (Fig. 2) , trp repressor (11) , and glucocorticoid receptor (13) are disordered or unfolded in solution. All of these regions are folded in the crystal structure or NMR structure of the complexes. In these six systems, the folding transition creates all or part of the binding site and is driven by binding free energy. Values of dS~ther for these cases range from -18 to -185 e.u. and predict folding of 3 to 33 residues on binding. In all cases these ther- Table 3 . Entropic contributions to "rigid body" associations.
Process
Soybean inhibitor + trypsin ~ complex Subtilisin inhibitor + subtilisin monomer ~ complex Subtilisin inhibitor + a chymotrypsin monomer ~ complex FK506 + FKBP-12 ~ complex 440 (83) 240 (71) 270 (84) 260 (73) T.* s 
289
.iS~E(T8)t (e.u.) (60) 41 (43) modynamic predictions agree with structural estimates, regardless of whether the ligand or regions of the protein fold.
The last four processes in Table 4 involve assembly of protein oligomers from monomeric subunits that are known to be completely unfolded in solution. In these cases, binding is accompanied by conformational changes both at the subunit interface and distant from it. Calculated values of dS~ther (-280 to -580 e.u.) are larger in magnitude than for the other processes in Table 4 , indicating more extensive folding in agreement with structural data. For these proteins, the number of residues predicted to fold from dS~ther is greater than the number of residues that fold to create the subunit interfaces. The striking characteristic of these four systems is that binding free energy from subunit-subunit interactions drives nucleation of folding which propagates beyond the interface. For these four cases, !Jtth is somewhat smaller than !Jtstr as estimated from the crystal structure of the complex. Hence these protein complexes appear to be less folded in solution under the conditions of the association experiments than in the crystal. Evidence of this is available for melittin (50) .
Coupling of folding to binding in sitespecific protein-DNA interactions. Most site-specific protein-DNA associations are accompanied by large negative dC~ssoc (18) ( Table 5 ). By analogy with the above analyses of folding and of protein-ligand associations, we assume that dC~ssoc for protein-DNA interactions is entirely due to changes in water-accessible surface. To examine our previous proposal that the large negative dC~ssoc of site-specific binding of proteins to DNA is in general too large in magnitude to result from a rigid body association (18) , we dissect dS~ssoc of protein-DNA interactions to examine whether folding transitions are coupled to binding.
In Table 5 we list experimental values or Table 2 .' taS~E( T8 ) evaluated from Eq. 2 with values for <lAnp from Table 2 .
:!: Table  3. §Eq. 5.
IIEq. 6. Propagated uncertainties in !Jtth increase from ±15 percent for >. cro repressor to ±50 percent for angiotensin II, and are typically ±25 percent. ~!R 6'' represents the difference between the number of residues folded in the crystal structure of the complex and the number of residues observed to be folded in the free species by NMR, x-ray, or CD as referenced in column 1.
# Ts estimated from values of <lC,;' 6600 (273) ahd <lS.i'ssoc (273) obtained from the temperature dependence of <lC,;'ssoc given in (47) , based on the assumption that S protein is completely native at 273 K. **Number of residues folded in the complex based on the NMR structure.
estimates of dC~ssoc and T 5 for all protein-DNA interactions that have been studied by van't Hoff or calorimetric analysis and the corresponding values of dSJiE calculated from Eq. 3 (51). The estimate of dS:'. in Table 3 is assumed to be appropriate for these interactions. In addition, entries in Table 5 for which the effect of salt concentration on binding constants has been determined include an estimate of the temperature-independent entropy change due to the polyelectrolyte effect [dS~E (52); relative to a 1 M salt concentration reference state] at the salt concentration where dC~ssoc and T 5 were determined.
Summation of contributions from dSJiE(T 5 ), dS:'., and dS~E (Table 5) indicates the existence in general of an additional large entropic term dS~ther that opposes site-specific protein-DNA association:
By analogy with the analysis of proteinligand interactions discussed above, we propose that dS~ther (Eq. 7) results primarily from folding or other conformational changes in the protein or DNA (or both) on binding. When dS~ther is large in magnitude, as is generally the case, we propose that it reflects local (and in some cases global) folding transitions in the protein that are coupled to binding. Thermodynamic estimates of the number of residues that fold upon binding (ffi 1 h) calculated from dS~ther by Eq. 6 are given in Table 5 . By analogy with the protein-ligand interactions in Table 4 , we propose that the specific DNA sequence serves as a template for local folding transitions in the protein (driven by binding free energy). Where ffith is small, binding is likely to occur via a rigid body association. High resolution structures have been determined for uncomplexed trp repressor protein (TrpR) in solution (11) and in the crystalline state (53), and for the specific DNA complex (12) in the crystalline state. As such TrpR provides a key test of the prediction of ffith from dS~ther" If the value of dS~ther ( -94 e.u.) for binding ofTrpR to its operator is analyzed in terms of local folding, we find that -16 residues fold when the two subunits of TrpR contact DNA. This thermodynamic estimate of ffi is consistent with the current interpretation of NMR studies of the uncomplexed TrpR: The D helices (eight residues each) of both monomers appear disordered in solution (11) . Both D helices are folded in the crystal structure of the TrpR dimer-operator complex, thereby creating part of the site for recognition of the operator (12) . Although these helices are ordered in the crystal structure of TrpR, Sigler and coworkers refer to helix D-tum-helix E as a "flexible reading head" due to the high crystallographic B factors of residues in this region and the observation that conformational differences between different crystal forms ofT rpR occur. here (54) . The agreement between ffith and ffi'tt from NMR experiments is consistent with the observation that the predicted and experimental values of the heat capacity change for DNA binding agree only when a folding transition in helix D is included in the surface area calculation (55) ( Table 2) .
The solution structure of the DNA binding domain of glucocorticoid receptor (OR DBD) has been determined by NMR (13) , and the solid-state structure of the complex RESEARCH ARTICLE of OR DBD with two specific half sites spaced four base pairs apart has been determined by x-ray crystallography (14) . Uncomplexed OR DBD exists as a monomer up to mM concentrations (13) . However, in its DNA complex, OR DBD exists as a dimer, with one monomer bound specifically and the other nonspecifically (14) . Observed conformational differences between the free and bound monomers provide a rationale for why dimerization is linked to binding: The second Zn finger, which provides the dimer interface in the complex, contains an alpha helix and beta sheet which are not detected in the free state by NMR (13, 14) . These structural studies suggest that binding of the OR DBD to a DNA half site is coupled both to local folding and to dimerization, consistent with the large negative dC~ssoc in Tables 2 and  5 . If we model the DNA binding equilibria as involving a 2:1 stoichiometry, on the basis of both thermodynamic (56, 57) and structural studies (13, 14) , we calculate that approximately 18 residues per monomer fold on binding, a thermodynamic estimate which agrees with the size of the second Zn finger "loop" in the monomeric free state. As in the case of TrpR, this agreement is consistent with the observation in Table 2 . #Value estimated numerically from equilibrium constants at only three temperatures (92) . Since the range of this data does not include the temperature where the equilibrium constant is predicted to be a maximum, the uncertainty in this ~C~ssoc probably exceeds that of the others tabulated. **z = 8 (92) . ttData of (93) , analyzed according to ( 18) . ***Data of (96) analyzed according to (18) .
ly 40° relative to the other (6); the relative orientations of the NH 2 -and COOH-terminal domains in each CAP subunit change from being-"open" to "closed" (2, 5) . LlC~oc for A cro binding was determined calorimetrically in a concentration regime where it exists as a stably folded dimer. Hence the small magnitude of LlS~ther ( -18 e.u.) indicates the absence of extensive coupled local folding, and may reflect the entropic cost of 4o subunit rearrangements. For CAP binding, our estimate of LlS~ther is significantly larger in magnitude than LlS~ther for A cro, possibly because of extensive coupled changes in DNA conformation upon binding CAP (2) . Alternatively, the magnitude of LlS~ther may indicate that key regions of the CAP binding interface are disordered in solution, even though {as in TrpR) these regions are folded in the crystal structure of the free protein.
In contrast to the above cases, values of LlS~ther for association of both gal and mnt repressor proteins with their DNA operators are so large in magnitude that they cannot correspond simply to local folding or restricted 4° rearrangements. The Gal repressor {GalR) undergoes a monomer-dimer equilibrium in the concentration range where DNA binding was investigated (58) . This coupled process may contribute to the large magnitude of LlC~ssoc and hence to LlS~ther· Little is known about equilibria coupled to the DNA binding of mnt repressor (MntR). On the basis of the thermodynamic data and the homology to arc repressor protein, we propose that LlC~ssoc for MntR reflects coupled monomer-dimer-tetramer association and folding -of the monomer {Tables 2 and 4) as part of DNA binding in the concentration range where LlC~ssoc was investigated.
For binding of Eco RI endonuclease (Eco Rl), LacR, and RNA polymerase (RNAP), the magnitude of LlS~ther falls in a midrange of. the values (Table 5) . Although the binding thermodynamics of these proteins have been characterized extensively in solution {18-20, 59), complete high-resolution structural information does not exist for any of these systems. Values of LlS~ther either reflect exceedingly large changes in 4° structure or substantial {but local, that is, nonglobal) folding upon binding. For LacR, !Jl'h is less than the number of residues in the two DNA-binding domains, and may indicate folding of part of these regions on binding to operator. Possibly this folding is more extensive in binding to the symmetric operator than to the nonsymmetric wild-type (0 1 ) operator, thereby accounting for the apparent differences in ac,::soc and ilS~ther for binding to these sites. For dimeric Eco Rl, !Jtth is comparable to the size of the two inner and outer arms that wrap around the DNA (3). In the case 782 of RNAP, the conformational transitions predicted by LlS~ther possibly represent both local folding of key recognition regions of the sigma subunit (60) as well as 4° conformational changes in RNAP which are thought to occur in the process of opening one to one-and-a-half helical turns of DNA at the transcription start site (21) .
Structural evidence for coupled conformational changes. High-resolution structural data in solution and in the crystal provide evidence for folding and 4° conformational changes coupled to site-specific binding in other systems where the thermodynamics of binding have not yet been extensively investigated. For example, changes in 4° structure of Eco RV endonuclease similar to those observed for A cro and CAP are observed by comparison of free and bound crystal structures (4) . In addition to this 4° conformational change, folding of two short loops in Eco RV appears to be coupled to DNA binding. One loop {residues 68 to 71), which contacts the minor groove and the sugar-phosphate backbone, forms a (3-tum in the presence of both cognate and noncognate DNA, but is poorly ordered in the free protein (4) . Another loop {residues 182 to 187), which is ordered and interacts with the base pairs in the major groove in the cognate complex, is disordered in both the uncomplexed protein and in the complex with noncognate DNA (4) .
In addition, folding transitions upon site-specific DNA binding are observed for the NH 2 -terminal domains of A cl repressor (X. cl) and of Antennapedia {Antp) homeDdomain, and for loops of TrpR and GCN4 transcriptional activator proteirt. Both A cl (8) and Antp homeodomain {7) have flexible NH 2 -terminal regions in solution which order upon DNA binding. In the low-temperature crystal structure of its DNA complex, the NH 2 -terminus of A ci wraps around the DNA, forming hydrogen bonds with base pairs in the major groove and the sugar-phosphate backbone of the consensus half site (8) . Interestingly, the NH 2 -terminus of the symmetry related monomer does not appear ordered in the nonconsensus DNA half site, reminiscent of the lack of ordering of the loop in Eco RV in the major groove of the noncognate DNA. The NH 2 -terminal domain of Antp homeodomain folds to make contacts with the minor groove: NMR studies indicate that residues 1-6 in the free protein do not have a defined structure, but nuclear Overhauser effects exist between arginine 5 and the sugar in the minor groove of the complex (7).
As discussed above, formation of welldefined structure appears to accompany the DNA binding of TrpR. Site-specific DNA binding of the yeast transcription factor SCIENCE • VOL. 263 • 11 FEBRUARY 1994 GCN4 is characterized by a similar transition. In the absence of DNA, CD and NMR studies indicate that the basic region which is necessary for binding DNA is largely disordered (9, 61) . In the crystal structure of its complex with the specific AP-1 DNA site, this region forms an a helix and makes extensive contacts to base pairs and to the sugar-phosphate backbone of the major groove (10) . For GCN4 this extensive folding transition should be readily detected in LlC~ssoc and LlS~ther· I Role of adaptability in site-specific recognition. All of the protein folding (2°, 3°) and the 4° conformational transitions observed in proteins as part of site-specific binding to DNA create key parts of the contact interface. In these cases, recognition does not result from a simple alignment of rigid, complementary surfaces on the protein and DNA. Instead, these proteinnucleic acid interactions are generally described by an "induced fit" model at the level of either 2°, 3°, or 4° structure. This induced fit is analogous to Koshland's hypothesis for enzyme-substrate recognition (17) , as pointed out for GCN4 by Frankel and Kim (15) and by Alber ( 16) . The implications of ligand-induced conformational changes for enzyme-substrate specificity have been and continue to be actively debated (21, 62) . However, the thermodynamic consequences of induced fit for the specificity of protein-DNA recognition are only beginning to be considered (1, 10, 15, 16, 63) . For protein-DNA interactions in Table 5 , conformational changes resulting from folding appear to be the only way to interpret the excess in lilC~ssocl and the deficit in LlS~ssoc' as compared to the values expected for rigid body. associations ( 18) .
If regions of a DNA-binding protein are unfolded in the absence of a specific DNA site, the formation of well-defined 2° or 3° structure upon binding requires expenditure of free energy, and therefore must be driven by binding free energy (that is, the formation of a more extensive complementary interface, burying more macromolecular surface and releasing more water and ions). Formation of a highly stable specific complex involves maximizing complementarity and favorable interactions while minimizing juxtaposition of noncomplementary surfaces ( 18, 20, 64) . If key regions of proteins are unstructured in solution and change conformation upon binding to a specific DNA sequence, then it is likely that the final conformation will be a function of the DNA sequence and that both the driving force {binding free energy) and the driven process (folding) will be functions of DNA sequence ( 16) . Observed differences in protein conformation in specific and nonspecific complexes with DNA provide examples of this proposal for sequence-dependent induced fit. When bound to noncognate DNA, regions of A ci (8) and Eco RV (4) apparently do not order, and the ahelical content of the basic region of GCN4 is less than when bound to a specific site (65) . Nonspecific binding of A cro is not accompanied by a detectable .:lC~ssoc (66) , indicating that little nonpolar surface is buried either in the interface or in coupled local folding transitions (Eq. 1). In general, however, nonspecific binding may be coupled to folding transitions to create a favorable coulombic or other nonspecific interface.
Only limited thermodynamic or structural analyses of effects of single-(or multi-) site variants in protein-DNA complexes have been performed. (In vivo characterizations of DNA sequence variants by expression assays and in vitro characterizations by measurements of relative binding affinity at one set of solution conditions are more extensive; these have generally been interpreted in terms of additivity.) Adaptability of LacR in specific DNA binding is suggested by thermodynamic experiments in which various thermodynamic functions [for example, the (salt) derivative of the binding constant; the van't Hoff enthalpy] exhibit global changes in response to an (Oc) base substitution at a single site (22) . Adaptability of Eco RI is suggested by altered patterns of phosphate ethylation interference and large energetic penalties associated with binding single base pair substitution variants (23) . In these cases, the observed thermodynamic or structural behavior has been interpreted in terms of induced fit or adaptability of the protein, so that changes in DNA sequence result in global changes in structure and contacts in the protein-DNA interface.
Applications of the model. Our use of model compound transfer data and application of principles derived from protein folding thermodynamics lead us to propose that site-specific DNA recognition by proteins is in general not a simple rigid body association whereby a specific site is recognized by a static "lock and key" interaction which simply matches up protein and DNA surfaces containing a pre-existing pattern of hydrogen bond donors and acceptors. Instead, as indicated by the large negative .:lC~ssoc which accompany these reactions and by our dissection of the observed entropy change, site-specific binding in general involves coupled changes in the 2°, 3°, and/or 4° structure of the protein. Although in some cases the tightly packed networks of functional groups on amino acid side chains and DNA bases seen in protein-DNA interfaces (I) may result from simple "docking" of preexisting complementary surfaces, a mounting body of structural and thermodynamic data argue that the solution structure of the complex differs strikingly from those of the uncomplexed species. All these conformational changes are driven by binding free energy, and therefore are examples of "induced fit." Of the conformational changes in the protein and DNA observed to date, folding transitions in the protein appear to be the most prevalent, to have the most characteristic thermodynamic signature (dC 0 , dS 0 ) , and to possess the most possibilities for adaptability or induced fit.
35. The applicability of the "liquid hydrocarbon" model does not require that the protein interior be like hexane, for example. Instead, the thermodynamics of transfer from water to a pure liquid phase reference the interaction of a nonpolar surface with water to one involving only van der Waals contacts. Since the thermodynamics of transfer from water to gas phase or water to solid phase contain additional contributions from the thermodynamics of vaporization or fusion, we conclude that the "liquid hydrocarbon" model provides the most direct means of evaluating the thermodynamic consequences of removal of nonpolar macromolecular surface from water in the process of interest. a-helical under the solution conditions where thermodynamics of association were measured. In contrast, x-ray structural analysis indicates that melittin is 92 percent a-helical in the crystalline state (88) . Tetramerization of melittin in solution buries less surface than that calculated based on the crystal structure, consistent with the observation ( Table 2 ) that aq;ssoc predicted from Eq. 1 using the crystal structure to calculate llA,p and ~is twofold larger in magnitude than the experimental measurement of aq;ssoc in solution (82) .
51. Use of Eq. 3 assumes that the ratio of nonpolar to polar surface buried in protein-DNA complexes is similar to that observed in the process of folding the globular proteins in Table 1 
